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ABSTRACT 

A survey of data on ga lac t ic  cosmic radiation, Van Allen b e l t  

radiations,  and so lar  cosmic radiat ion i s  presented. 

these data, t h a t  s t i l l  contain large uncertainties i n  some cases, upper 

and lower l i m i t s  of rad doses which would have been encountered i n  the 

past  so la r  cycle under prac t ica l  amounts of mass shielding are 

e s t  imated. 
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PHYSICAL CHARACTERISTICS AND DOSES OF SPACE RADIATIONS 

Trutz Foelsche 

NASA Langley Research Center 
Langley Station, Hampton, Virginia 

INTRODUCTION 

A t  present three kinds of energetic space radiations which may 

consti tute a poten t ia l  radiat ion hazard i n  space f l i g h t  a r e  known: 

(1) The so-called galact ic  cosmic radiat ion 

(2)  Van Allen b e l t  radiat ions 

(3) Solar cosmic radiat ion 

Galactic cosmic rays consist  of about 85 percent protons, 13 percent 

a-par t ic les ,  and 2 percent heavier nuclei ,  str ipped of a l l  electrons,  of 

extremely high energy (average energy of protons = 4 Bev). 

these primaries a r r ive  from a l l  direct ions of the sQ with equal inten- 

s i t y .  

important f ac t  i s  t h a t  t h e i r  f lux  i s  low, namely, 2.5 particles/cm2-sec, 

during solar  a c t i v i t y  years - about 10,000 times lower than the f lux  

within the inner Van Allen b e l t  o r  during extreme f l a r e  proton events; 

consequently, the  overa l l  ionization r a t e  per gram or  per cm3, t h a t  i s ,  

the physical dose r a t e ,  i s  a l so  low. 

the  high specif ic  ionization of heavier primaries and t h e i r  higher RBE’ 

a biological dose r a t e  of 0.45 rem/week ( r e f .  l(a)) i s  calculated i n  

f r e e  space for  solar  a c t i v i t y  years, secondaries which or iginate  i n  the  

spaceship and i n  the human body i t s e l f  being neglected. 

In  f r ee  space 

From the viewpoint of implications t o  space f l i g h t ,  the  most 

By careful ly  taking i n t o  account 

lRelative Biological Effectiveness. (See, for example, r e f .  11.) 
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During solar  minimum years the  dose ra te  would be higher by a fac- 

t o r  of about 2. This r a t e  i s ,  of comse, orders of magnitude more than 

the radiat ion dose which man receives on sea l eve l  under 1,000 g/cm2 atmos- 

phere and under protection of the magnetic f i e l d  of the ear th .  

t h i s  dose r a t e  does not surpass substant ia l ly  the maximum permissible 

dose r a t e  which i s  s t a t ed  f o r  atomic workers according t o  the  recommenda- 

t ions  of the Internat ional  Commission f o r  Radiation Protection (ICFU?) , 
i .e., 0.1 rem/week when continuously received over years of profes- 

s ional  duty. 

ga lac t ic  cosmic rays appears t o  be impractical fo r  the present genera- 

t i o n  of space vehicles since up t o  80 g/cm2 wall thickness increases the 

ionization dose a t  l e a s t  during solar  ac t iv i ty  years when low-energy 

primaries a re  diminished. 

dose would be, of course, lower with heavy shielding than without since 

the  flux of the  more heavily ionizing primaries and secondaries i s  

reduced. 

However, 

Shielding against the  overall  ionization produced by 

The biological  effectiveness or biological  

Special  a t ten t ion  on the p a r t  of s c i en t i s t s  and biologis ts  i s  

directed t o  one component of galact ic  cosmic rays, the heavy primaries. 

(See, e.g., r e f s .  l ( b )  and 2.) 

primary t rack  ("thin-down") i s  longer by orders of magnitude and the  

ionizat ion i s  spread over a 10 t o  20 fo ld  higher cross section than 

t h a t  of an a -par t ic le  t rack  (length = P p ,  cross section = 0 . b ) .  

e f fec t  of heavy primary h i t s  on sensi t ive organs such as the receptor 

c e l l s  of the  eye which the body cannot replace i s  expected t o  be more 

important than would be ant ic ipated from t h e i r  small contribution t o  

the  t o t a l  ionization. 

The heavy ionized end of such a heavy 

The 

The number of hits/cm3 and day is ,  however, very 
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low as seen i n  f igure l w h i c h  shows the number of h i t s  a s  function of 

a l t i t ude  extrapolated by Yagoda ( r e f .  3) from balloon measurements. 

IO 

5 

0 

ALTITUDE, 1000 FT 

Pmax 

Figure 1.- Variat ion of thin-down i n t e n s i t i e s  with a l t i t u d e  for  seasons 
of maximum and minimum sunspot a c t i v i t y .  (Reproduced from r e f .  3, 
H. Yagoda.) 

Shielding against t h i s  radiat ion would be an eas ie r  task.  

a i r  layer of 36 g/cm2 (7~,000-foot a l t i t u d e )  would reduce the number of 

h i t s  by a fac tor  of 4 0  during so lar  minimum years and by a fac tor  of 6 

during ac t iv i ty  years. 

A res idual  

VAN ALLEN BELT RADIATIONS 

The radiat ion trapped within the V a n  Allen b e l t s  consis ts  mainly 

of protons and electrons of high i n t e n s i t i e s  with energies up t o  700 Mev 

and some Mev, respectively. 
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Figure 2.- Energetic p a r t i c l e  f luxes  i n  the V a n  Allen Bel t s  ( a s  of F a l l  
1961) schematic survey. 

Figure 2 represents a schematic survey of t h e i r  fluxes and energies 

according t o  more detai led measurements with Explorer XI1 ( F a l l  1961, 

see re fs .  4 t o  8) .  

The most important be l t  component from the viewpoint of implica- 

t ions  t o  space f l i g h t  are  the energetic protons of 30 t o  TOO Mev energy, 

which a re  mainly encountered i n  the  inner b e l t  with maximum in tens i ty  

of 20 t o  40 x 104 protons/cm2-sec i n  about 3,000-km a l t i t ude .  Based on 

Freden White's spectrum, the following proton doses i n  the  b e l t  center 

as  f'unctions of shielding a re  obtained (see f ig .  3)2: 

-..-- 
%e figure i s  based on N = 20,000 p/cm2-sec, E > 40 Mev i n  the 

center of the  b e l t .  

7 percent and i s  considered a s  insignif icant  i n  the l i g h t  of present 

uncertaint ies .  

The difference between rep and t i s sue  rad i s  
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For 2 g/cm2 outer shield 24 rad/hour 

25 g/cm2 outer shield 6 rad/hour 

E > 40 Mev i n  the center of the b e l t  i s  if b , O O O  protons/cm2-sec, 

assumed. 
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Figure 3 . -  Dose r a t e s  i n  center  of spher ica l  s h i e l d s  neglect ing self- 
shielding of t h e  bo'dy. (See: Schaefer, Hermann J.: Tissue Depth 
Doses i n  t h e  H i g h  I n t e n s i t y  Proton Radiation F i e l d  of t h e  Inner  Van 
Allen Bel t .  
(Pensacola, F la . ) ,  Nov. 10, 1959. A Study of  Shielding 
Requirements f o r  Manned Space Missions. FZK-124 (Contract No. NASw-w), 
Convair, Oct. 10, 1960. 
and Pr ice ,  H. C . :  Shielding Problems i n  Manned Space Vehicles. NR-104 
(Contract No. IZA-01-009-506-ORD-832) , Lockheed Nuclear Products 
(Marietta, G a . ) ,  July 1960.) 
J. W. Kel le r  assuming f o r  protons and neutrons of 
and of E < 4 0  Mev FfBE = 2. The long-dashed l i n e  ind ica tes  t h e  r e m  
dose including t h e  contr ibut ion of  secondary neutrons. 

Rep. No. 16, U.S. Naval School of Aviation Medicine 
Kel le r ,  J. W.:  

Allen, R.  I. , Dessler, A. J., Perkins, J. F. ,  

The rem dose rates are ca lcu la ted  by 
E > 40 Mev RBE = 1 

These a re  upper limits of dose r a t e s  since self-shielding of the human 

body i s  neglected and the  spectra f a l l  off  steeper on d i f fe ren t  loca- 

t ions of the  be l t .  

The na tura l  electrons appear t o  be not very important from the 

viewpoint of radiation doses inside a vehicle with a f e w  g/cm2 wall  

thickness i n  which the electrons themselves a re  absorbed and produce 

x-radiation. The x-radiation dose r a t e  amounts t o  substant ia l ly  l e s s  
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than 2 rem/hr (2  rad/hr behind 30 m i l  s tee l ,  based on conservative upper 

limits of spec t ra l  fluxes, see r e f .  9 ) .  

In  summary it may be said t h a t  the be l t  radiations do not const i tute  

an acute danger i f  the b e l t s  are  passed in  about 2 hours, a t i m e  which 

i s  charac te r i s t ic  f o r  Pioneer 111, N, and V or  escape missions. If the 

s tay i n  the center of the  inner b e l t  l a s t s  f o r  2 days, however, even with 

25 g/cm2 shielding, the proton dose would be >200 rad. 

the  c r i t i c a l  l i m i t  f o r  acute radiat ion sickness. 

This value i s  on 

SOLAR COSMIC RADIATION 

Solar cosmic rays a re  ident i f ied  as t rans ien t  energetic p a r t i c l e  

showers, mainly protons, associated with f l a r e s  i n  the so la r  chromosphere. 

I n  some cases the p a r t i c l e  streams encountering the ear th  have an inten- 

s i t y  of protons of lower energy (E > 30 MeV) four t o  f ive  orders of mag- 

nitude higher than t h a t  of ga lac t ic  cosmic protons and have a duration 

of t he  maximum phase i n  the order of 1 day. 

a r e  observed up t o  10 days a f t e r  one f l a r e  (July 16, 1959). 

s i t i e s  and durations of proton fluxes vary i n  a large degree f o r  d i f f e r -  

ent  events. About 5 t o  1-3 low- and medium-energy events or  event groups 

with proton energies up t o  500 Mev o r  2 Bev, respectively, occurred 

during pas t  solar  ac t iv i ty  years from 1957 t o  1959, t h a t  were intense 

enough t o  be detectable with instrumented high-alt i tude balloons and 

riometers .3 

Residual low i n t e n s i t i e s  

The inten- 

3A radio ionospheric opacity meter i s  used t o  measure absorption of 

ga lac t ic  radio noise i n  the  ionosphere. A strong D-layer i n  the lower 

ionosphere i s  preferably produced by f l a r e  protons. 
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The frequency of such extreme events which could const i tute  a s ig-  

nif icant  radiation hazard i n  a l i g h t l y  shielded vehicle w a s ,  of course, 

only 2 t o  4 during the  most act ive years of the  l a s t  solar  cycle. Even 

less frequent are  high-energy events of high in tens i ty  and duration, 

with pa r t i c l e  energies up t o  E > 10 Bev. 

means of t h e i r  secondary mesons and neutrons monitored a t  ground l eve l  

during the two last  solar  cycles. Only one or two such high-energy 

events occurred about every 4 years a t  the  increasing or  decreasing 

phases of the sunspot cycles. 

Such events were observed by 

The t i m e  p rof i les  of i n t ens i t i e s  of pa r t i c l e s  i n  the Bev range for 

two events are shown i n  f igures  4(a) and 4(b). 

Onset of radio noise on earth 
YI 
0 
0 
- .- - c 

IO 
.E r 
c .- cn 

alc i: 
a- s= 

E 
End of visible activity on sun 

U L  

a s 2 '  
U- go 

E 
1 

0. I 
2 4 5 6 7 0  12 16 20 22 

Universal time, hours 

Figure &(a) . -  Cosmic-ray neutron surge a t  sea l e v e l  during large solar  
f l a r e  of February 23, 1956. Observed by Lockwood e t  a l .  a t  Durham, 
New Hampshire. (Reproduced from r e f .  l(b) . ) 
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Figure 4(b). - Neutron surge a t  sea l eve l  i n  Deep 
River, Canada from November 12 t o  November 15, 
1960 and meson decrease measured a t  Massachusetts 
I n s t i t u t e  of Technology. 
H. Carmichael, and K. G. McCracken, r e f .  10.) 

(J. F. S t e l j e s ,  

I n  the case of the  February 2 3 ,  1956 event the neutron in t ens i ty  a t  sea 

l eve l  r i s e s  t o  3,600 percent of normal. The in t ens i t i e s  of the  lower 

energy p a r t i c l e s  decay more slowly as  seen i n  high-alt i tude balloon and 

riometer records. 

Some proton energy spectra measured during extreme events a re  shown 

i n  f igure 5. During the February 23,  1956, high-energy event, the most 

intense observed during the l a s t  two solar cycles, two spectra a re  

derived from measurements a t  +1 hour (prompt) and +l9 hours a f t e r  the 

f l a r e .  For the  November 12, 1960 medium-energy event of extreme f lux 

and duration, the  spectra a t  +? and +32 hours a f t e r  the  f l a r e  a re  given. 

For t he  May 10, 1959 high-flux low-energy event only the spectrum a t  

+32 hours i s  measured. The absolute in tens i ty  i n  the energy range 

E > 100 Mev given f o r  the time +32 hours a f t e r  the f l a r e  seem uncertain 
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by a fac tor  of about 4. 

are  inser ted.  

In  t h i s  f igure the  more recent lower values 

4 

P R O T O N S ~ M ~  
SEC STER 

ENERGY (BEV) 

Figure 5.- In t eg ra l  energy spec t ra  of solar cosmic rays, inner b e l t  pro- 
tons and ga lac t i c  protons (Basic data and references,  see i n  r e f .  11). 

%?he references from which these spectra a re  determined a r e  given 

i n  reference 11 together with the methods used fo r  dose r a t e  and dose 

calculations.  For the May 1959 event i n  reference 11, according t o  pre- 

liminary data and extrapolations,  higher flux values and an 

a re  used. 

energies and gives subs tan t ia l ly  higher dose r a t e  values especial ly  

behind low shielding. 

ence 11 inferred from preliminary extrapolations of the spectrum a t  

+30 hours and of very high i n t e n s i t i e s  close t o  the time of the f l a r e  

a re  substant ia l ly  too large.  

s i t i e s  and time p ro f i l e s  ind ica te  subs tan t ia l ly  lower time-integrated 

fluxes fo r  these low-energy events. 

E-4 spectrum 

The l a t t e r  w a s  extrapolated t o  bend over only f o r  very low 

Also i n  the case of July 14 the  doses i n  r e fe r -  

More recent analyses of data on inten- 
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Most of t he  spectra f a l l  off very steeply i n  the energy range 

E > 80 t o  100 Mev 

This property suggests the conclusion tha t  t he  main in tens i ty  can be cut 

off by shielding i n  the order of 10 t o  25 g/cm2 (range of protons of 

100 t o  200 MeV). 

can be obtained by a routine calculation - i f  secondaries a re  neglected - 

f o r  t h a t  par t icu lar  ins tan t  f o r  which the spectrum i s  val id .  

example, r e f .  11.) 

these dose r a t e s  have t o  be multiplied by the times fo r  which the respec- 

t i v e  spectra a re  considered as  constant and these products have t o  be 

and steeper than the be l t  protons or galac t ic  protons. 

From the spectra the dose r a t e s  behind d i f fe ren t  shields  

(See, f o r  

To obtain doses accumulated during the whole event, 
I 

1 summarized o r  integrated.  Since the time var ia t ions of i n t e n s i t i e s  or  

I spectra a r e  not well known i n  some especially important cases, only 

~ 

approximate upper and lower limits of doses a re  given i n  f igure 6 f o r  

the  l a rges t  events known. 

104- 
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Figure 6.- Flare proton doses in the center of spherical shields when 
self-shielding is neglected. 
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The broad s t r i p  for  medium- and low-energy events corresponds i n  i t s  

upper l i m i t  t o  the  doses of the  November 12, 1960, July 14, 1959 and 

July 16, 1959 events; i n  i t s  lower l imi t ,  t o  the  May 10, 1939 doses, the  

l a t t e r  which might have been higher. From the  steep f a l l  off of doses 

with shielding thickness, it follows t h a t  t he  doses a l so  f a l l  off very 

f a s t  i n  men's bodies. The high-energy event of February 23,  1956, i s ,  

of course, more penetrant. 

range were, however, apparently lower than those of low-energy events 

and the fluxes i n  the high energy range yield depth doses which would 

not have reached the  c r i t i c a l  l i m i t s  of 100 t o  200 rad. 

I t s  time-integrated fluxes i n  the low energy 

The doses given i n  f igure 6 a re  upper and lower l imi t s  of rad as 

measured i n  a small ionization chamber i n  the  center of spherical  shields 

of different  thicknesses (abscissa) ,  self -shielding of man's body inside 

the  shield being neglected. I f  the shield consists of water, the  

g/cm2 value on the abscissa gives the  thickness of the  shield i n  cent i -  

meters. For a more r e a l i s t i c  appraisal  of the surface and depth dose 

within the  human body, it has t o  be taken i n t o  account t h a t  organs on 

the  surface as i n  the  depth of  the  body are protected from one o r  a l l  

sides by the  body i t s e l f .  

can be read from figure 6 by adding t o  the  outer shield thickness the  

average thickness of the surrounding t i s s u e  which might be i n  the  order 

Of 10 t o  15 g/cm2. Also the  doses on the  body surface are substant ia l ly  

lower than those read from f igure 6, when only the  outer shield i s  taken 

in to  account. A fa i r  approximation of doses received on organs on the  

surface (skin, eyes, m d  gonads) i s  obtained by dividing the  reading 

Thus an inner organ receives a dose which 
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. 

by the  fac tor  2 and thus neglecting the radiation from one side o r  

from a sol id  angle 2fl. 

If self-shielding i s  taken in to  account, the  doses i n  the depth of 

the  body a l so  under low outer shielding remain below 25 rad i n  most cases 

except i n  the  high-energy event of  February 23, 1956 (-+O rad) .  

other hand, under 1 g/cm2 outer shield,  an occupant, i f  self-shielding 

i s  taken i n t o  account, would receive a dose of up t o  1,000 rad on the 

surface of h i s  body during extreme low-  and medium-energy events. This 

dose i s  above the  acute permissible l i m i t  f o r  eyes and gonads and even 

above the  skin erythema dose. In dimensioning the  shielding, it has t o  

be taken i n t o  account t ha t  the  probabili ty of occurrence of multiple 

events such as those a f t e r  the f l a r e s  on July 10, 14, and 16, 1959, 

f o r  example, even fo r  a 14-day expedition, i s  not a negligible quantity; 

furthermore, t he  t i s sue  rad dose has t o  be multiplied by about an €BE 

factor  of 1.5 f o r  solar protons t o  obtain the  X-ray equivalent dose i n  

rem and t h a t  the  above estimates are  considered as uncertain within a 

fac tor  of about 2. 

On the  
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